This report consists of both a review of the tribology literature and a short summary of past studies at ORNL concerning how the macro and micro-geometry of surfaces can be modified to affect changes in frictional behavior, particularly under lubricated conditions. It was prepared in conjunction with an on-going project entitled "Friction reduction through surface modification." The overall purpose of the work is to improve the fuel efficiency of diesel-powered vehicles by employing patterns of micro-scale features to reduce the sliding friction between contacting surfaces in engines. Funding was provided by the U.S. 
Introduction
In the field of materials science, the term 'texture' is used to refer to the preferred orientation of crystalline grains within a material. In machining science and surface metrology it is used to refer to the roughness, waviness, and lay (directionality) of surface features. Like other forms of surface treatment, the reasons for applying textures spans from cosmetic appearance to optical qualities, and from compatibility with human body environments (implants) to the control of lubrication.
In tribology, the current context, the term texture will refer to the form, dimensions, and patterning of a surface as well as the associated effects produced on the underlying material. Some of the characteristics of textured surfaces arise by design, but some, like processing artifacts (e.g., upset ridges, micro-cracks, subsurface work-hardened areas), result from the methods that are used to produce those patterns. In tribology, the four basic functions of texturing are:
(i) to alter the flow and film thickness of lubricating fluids locally and across the contact region, (ii) to serve as channels to supply lubricant to a surface (ii) to trap debris that would otherwise become embedded or abrade the surfaces, and (iii) to alter the bearing pressure distribution.
Engineers have long applied geometric features to lubricated solid surfaces in order to control friction and wear (i.e., even for centuries, if the definition of 'engineered surfaces' is extended to include millstones and the like). Owing to advances in materials and processing, the variety of the patterns and the methods used to produce them have evolved greatly. Likewise, computer-based models to portray the effects of textured surfaces on contact stresses, lubricant film thickness, and friction have become more rigorous and physically realistic.
It is well-known that friction reduction of moving parts of internal combustion engines improves efficiency and fuel economy. Therefore, it is important to consider all friction control options when designing internal rubbing surfaces. These include improved lubricants, improved design of mating parts, use of coatings and surface treatments, and the texturing of surfaces. The control of surface finishes and machining processes like plateau-honing have long been used to improve bearing performance, but the present project emphasizes approaches that go beyond the considerations of roughness, waviness, and lay that are associated with traditional machining.
Various terms have been used to describe the intentional synthesis of periodic geometric features on a bearing surface. These include textured surfaces, patterned surfaces, and modulated surfaces. Such surfaces can be designed with an endless variety of features, as will be described. Some are round, some are sharp, some are shallow, and some are relatively deep. Some features are discontinuous, like dimples, pores, and separated shapes. Others are continuous, like grooves and cross-hatched patterns whose valleys and peaks run completely across the contact surface. Another consideration is whether one or both mating surfaces are patterned. It may be neither necessary nor desirable to pattern both counterfaces.
As will be discussed subsequently, geometric surface texturing is only one aspect of surface engineering. In fact, microstructure design, coatings, or compositional surface engineering can be combined with geometric texturing to provide further friction and wear benefits. 
Attributes of Textured Surfaces
As mentioned above, textured surfaces have geometric and microstructural attributes. These attributes are generally larger in scale than the surface finish of a typical bearing or gear (typically from 0.025-0.3 m in arithmetic roughness [1] ), but in special cases they can be only a few nm in size. Several attributes of textured surfaces are depicted in Figure 1 . They can be categorized as follows:
Individual feature shape(s), including the depth profiles of the cavities [2] Individual feature dimensions Asymmetry of patterns and features (aspect ratio) Orientation of the features relative to the lubricant supply Orientation of the features relative to the direction of relative motion with the counterface Whether one or both mating surfaces are textured Feature spacing relative to adjacent features Fraction or percentage of the apparent contact area occupied by features Mixtures of feature shapes versus similar shapes throughout the pattern Artifacts such as edge ridges or subsurface 'affected zones' Figure 1 . Some attributes of textured surfaces.
As exemplified in Figure 1 , an enormous number of possibilities exist to optimize texture-based surface engineering of tribosystems. Numerous combinations of feature shapes, sizes, and orientations are possible. Furthermore, one should distinguish between intentional geometric features and artifacts that result from the texturing process. For example, Figure 2 shows an optical image of an array of Vickers impressions on CDA 932 bearing bronze, and Figure 3 shows a 3D vertical scanning interferometric image (VSI) of two impressions. Color-coded by feature height, it shows that indentation texturing of a surface can raise hills of material adjacent to it. In this case, the upset areas required further polishing to produce a flat surface with an array of negative features. Data in Figure 4 indicate that the height of the plastically deformed, raised edge on indentations (h) tends toward about 14% of the depth of the impression (z), and is nearly independently of the applied load, if the load exceeds ~100 grams-force. Other types of process-related artifacts, like cracks or pits, can also arise on brittle materials, as will be discussed in Section 3.5 in the context of laser surface dimpling. Since empirical testing of the countless variations of patterned features is economically impractical, practical guidelines for the selection of patterns and attributes for specific bearing configurations are essential. Some of these can involve sophisticated computer models, as described later. In fact, international working groups have been formed to address the issue [3] .
The present report presents an overview of past research on the texturing of bearing surfaces to control friction and wear. It begins with relatively macroscale approaches and concludes with a discussion of finer-scale features and techniques. For convenience, Appendix A provides a list of texturing references sorted by approach and application, with particular mention of applications in automotive engines. Figure 2 ). The (h/z) ratio is relatively constant at the higher loads.
Applications and Functionality
Surface engineering of textures for tribological applications is system-specific. This section reviews some common applications for textured bearing surfaces, how their attributes can affect friction in wear, and the ways in which they are produced.
3.1 Bearings and face seals. The early, macro-scale work tended to address the supply of the lubricants to the contact surface and the removal of wear debris. More recent texturing work has included considerations like the micromechanics of altering the asperity scale lubrication regime and shifting the Stribeck curve toward the origin to enable thicker films (higher film thickness to roughness ratios) to lower sliding speeds and oil viscosities [4] . Applications of grooves and feed channels of various types were used, for example, in journal bearings [5] and face seals [6] for over a half century. Designs have utilized a wide range of patterns and shapes, including smooth and continuous grooves [7] and chevronlike ('herringbone') features *8+. The groove-like features are symmetrical or non-symmetrical [9] depending upon the desired effect on distributing the lubricant.
Oui and Khonsari recently modeled the effects of spherical dimples on the load-carrying capacity, leakage, and film thickness of a face seal configuration [10] . Modern approaches generally utilize much finer features (~ m to nm) than the early plain bearing grooves (mm), but at the same time, they require better bearing surface alignment to realize their benefits.
SKF engineers have conducted research on the shapes and spacings of dimples to place on rolling elements to decrease the speed required to separate the surfaces and allow the film to support them [11] . Dimpled, golf-ball-like surfaces seem to provide the most-efficient lubrication transport. In addition, the pits on the surface act as lubricant reservoirs, and rolling action transports oil or grease into the inlet of the contact. This work continues, and dimpled ball bearings are likely to find increased applications.
Biomaterials applications.
Textured patterns have been used with varying success to improve the performance of bearing surfaces in human body joint replacements like hips. In joint simulator studies of patterned polyethylene, it was found that the textures could reduce wear by as much as two thirds [12] . Wear can lead to osteolysis (loosening) or the formation of great cells. Commercial processes, like BioSurf® [13] place golf ball-like dimples on implants. In terms of friction, friction reductions of 8-35% have been reported using nanoimprint lithography [14] .
Patterning or texturing does not consistently produce beneficial effects, however. In studies of metal on metal hip implants, the placement of shallow round dimples on the spherical head surface produced a deleterious effect on lubricant film formation [15, 16] . With conflicting results like these, it cannot be stated that texturing is always beneficial or detrimental in body implants without further qualification of the materials and conditions under which the texturing process is used.
Debris trapping.
Publications as early as 1927 [17] drew attention to the need to control abrasive particles in lubricants. Wear debris and contaminating particles, collectively called 'third bodies', can alter the friction and wear characteristics of bearings, sliding seals, or gears. Williams and Hycica [18] showed how the abrasion rate and wear morphology is affected by the abrasive particle diameter relative to the lubricant film thickness. The effects of third bodies therefore depend on their sizes, shapes, and hardness relative to the interface through which they must pass as well as to the film thickness of the lubricant if present.
If particles are extremely small, they could pass through the interface without harm. If they are too large, they can accumulate or jam up in the converging entrance to the contact, or they might flow around the bearing. Particles whose size scale is similar to the clearance (mating surface separation) can be the most problematic. If their concentration becomes too large, they can abrade, embed, or otherwise impede relative motion. Therefore, in most engineering components, third-bodies are deleterious and must be controlled in some way. Filtration and oil changes are one method, but surface texturing is also employed.
The debris trapping role of textured sliding surfaces was discussed in the book by Suh [19] and several published papers on similar work by others in his group [20-22+. Calling them, 'undulated surfaces', he created checkerboard patterns by an etching process and demonstrated their significant friction reductions in unidirectional sliding of bronzes and other alloys. The role of debris trapping during oscillating (fretting) contact of surfaces produced by laser dimpling was discussed later in a paper by Valchock et al. [23] . During lubricated unidirectional sliding, the lubricant film has an opportunity to reach steady state thickness, but during oscillation in which the velocity and direction of motion varies, the effects of texturing are primary manifest in the debris trapping role.
Debris trapping and enhanced lubricating functions were combined in a novel approach described by . The approach was to use a soft metal (0.8 mm diameter Cu wire) placed in spiral grooves around the journal. Owing to the shape of the wire, at both sides of each groove there is a crevice into which debris can be trapped. The wire material also provides a measure of embeddability to avoid hard debris to remain in the bearing interface. The wear of both the journal and the sleeve was significantly reduced in experiments using alumina powder added to the oil.
3.4 Effects of feature size, shape, area fraction, and orientation. Perhaps the coarsest scales of texturing involve the supply of lubricant to a bearing surface. As noted in Section 3.1, grooves and channels in large plain bearings can be the order of millimeters in width and depth, but recent surface processing developments have enabled them to be made much smaller. For example, features of only 4.5 nm tall were fabricated using argon ion etching of aluminum titanium carbide flying heads (picosliders) intended for use on computer hard disks at a normal flying height of 5-7 nm. The textures significantly reduced the vibrations associated with contact during start and stop cycling, and it it reduced lubricant depletion in the contact. However, the texture height needed to be optimized. Too much height (~ 9.5 nm) and the texturing effects were deleterious. [25] .
Petterson and Jacobson [26] investigated the effects of differently-sized square pockets and grooves on friction of lubricated silicon substrates coated with hard films. For diamond-like carbon (DLC) films, the texturing did not help because the film needed to form a continuous low friction layer. Thus, the lubricating nature of the DLC film helped more than any debris trapping functions. For these coatings, the smaller-sized squares (5 m) enabled longer periods of low, stable friction compared to larger 50 m squares. Overall, texturing was not always helpful because it can compete with more effective methods produced by the selected coating. 6
The effects of the area fraction of surface coverage on the critical load for transition between low and high friction on SiC face seals were investigated by Wang et al. [27] . Pores 150 m in diameter were produced by a CO 2 laser and water was used as the lubricant in a face-seal test apparatus. An optimum of 2.8 area % proved most effective in increasing the critical load for a transition between lower friction (hydrodynamic lubrication) and higher friction (mixed lubrication) sliding.
The sizes of textured features varies widely depending on the method used to produce them and the contact area to be covered. Fine-scale textures, achieved by ion-etching that raised small islands from 3 to 30 nm high and from 0.3 to 4 m in length, were placed on the 'sliders' of disk drives in an attempt to reduce stiction [28] . Arrays of 229-548 nm-sized ellipsoidal dimple arrays were produced using a femptosecond laser on silicon surfaces [29] . Studies using lubrication with water indicated up to a factor of 2.6 in friction reduction for the textured surfaces.
In 2003, Hsu [30] provided an overview of the effects of features of various shapes and orientations. He presented results of paraffin oil-lubricated sliding friction experiments at two speeds: 0.023 and 0.23 m/s, and 1-40 N loads, using circles, triangles, and oval shaped features produced by lithography and etching. Depending on the sliding speed and orientation of the features relative to the sliding direction, the effects on kinetic friction coefficient (COF) were markedly different; namely:
Circles (low speed): COF increased with increasing load and produced noisy friction traces Circles (high speed): COF decreased rapidly with load from 1-5 N, and then remained relatively low and stable. Ellipses (sliding parallel to the long axis at low speed): COF increased with increasing load and produced moderately noisy friction traces Ellipses (sliding parallel to the long axis at high speed): COF decreased with increasing load from 1-5 N and produced stable friction traces Ellipses (sliding perpendicular to the long axis at low speed): COF increased gradually with increasing load and produced moderately noisy friction traces Ellipses (sliding perpendicular to the long axis at high speed): COF decreased with increasing load and produced stable friction traces Using bearing steel sliding on micro-dimpled silicon nitride plates, Wakuda et al. [31] found that the density of dimples on a surface (7.5, 15 , and 30%) had a greater effect at higher sliding velocities (~ 1.0 m/s) than at relatively low sliding velocities (~0.01 m/s). Larger dimples (~80 m diameter) showed this effect more than did smaller ones (~40 m). In fact, the lower densities showed greater benefits than the higher density of micro-dimples supposedly because, as the load bearing area decreases, the contact pressure increases and overwhelms the local benefits of lubricant film pressurization.
The effects of velocity and feature shape were explored by Nakano et al. [32] on experiments with cast iron. Grooves actually increased the friction while dimples reduced it. Like the work of Wakuda [31] , the friction coefficient effects of dimples were more evident at higher speeds. In later work, Yuan et al. [33] conducted studies on the effects of the angle of microgrooves to the (reciprocating) sliding direction on friction of cast iron containing 100 mm wide grooves with a 10% areal density. Grooving, with the sliding direction across or at an incline to the grooves provided friction coefficient reductions of up to 44%. 7
Work by Vilhena, et al [34] investigated the effects of dimple depth (5.3-16.5 m deep) and sliding speed (0.015 to 0.45 m/s) on laser-dimpled bearing steel surfaces using a pin-on-disk tribometer. Polyalphaolefin oil was used as the lubricant under fully-flooded conditions. The effects of having dimples and of the average depth of the dimples on friction reduction were greater at higher sliding speeds, given equal sized dimples and the same dimple spacing.
Features on textured surfaces need not necessarily be dimples, grooves, or depressions. For example, Yoon et al. [35] placed rows of nano-scale projections on polymer surfaces using a soft lithographic technique and observed friction reduction using a specialized tribometer.
Preparation of textured surfaces.
The desired sizes, shapes, and spacing of textures affect the selection of the process. Hsu [30] listed the following methods for producing textured surfaces:
Engraving Indentation Lithography Electro-discharge machining (EDM) Ultrasonic methods Laser engraving
In addition to the above, a variety of methods are also available from the electronics and coating industries. Magnetron sputtering and ion beam sputtering [36] , abrasive jet cutting [31] , and laser dimpling have all been used to produce textures as well. Recent investigators also recognized the effects of the dimpling process on near-edge rims and re-polished the surfaces prior to tribo-testing [33] . on the effects of laser surface texturing (LST) of ceramics for friction control [37] , while companion work at Argonne National Laboratory [38, 39] , using the same approach, was focused on steels. In both cases, dimpled specimens were prepared by I. Etsion of the Technion in Israel (see [4] for a review of his earlier work).
The microstructures and thermal cracking produced by LST in dimpled ceramics were studied, as were the effects of load and speed on friction reduction. Figure 5 (a) shows a pattern of laser dimples on zirconia and Figure 5 (b) shows a close-up of the thermal cracking that can occur from the high energies and rapid heating and cooling associated with laser dimpling by LST. Figure 6 shows the topographic details of a single dimple.
(a) (b) Figure 5 . Scanning electron microscope images of laser-dimpled zirconia. (ORNL) Figure 6 . Vertical scanning interferometric 3D image of a dimple on transformation-toughened zirconia, like that shown in Figure 5 (a). The depth of the dimple is 10.5 mm and it is about 104 m in diameter Figure 7 summarizes the effects of oscillating frequency on the friction of cylindrical reciprocating ceramic pins of transformation-toughened zirconia (TTZ) that had a dimpled contact surface. A crossed cylinder of silicon nitride was slid against it. The specimens had to be aligned very precisely, and the ridges on the dimples had to be carefully polished away in order for the effects on friction to be noticed. Still the effects of prior edge ridges can affect the distribution of wear particles between dimples, as shown in Figure 8 .
Work on the effects of load and speed on the friction of laser dimpled steels was conducted using pinon-disk experiments at Argonne National Laboratory [38, 39] . The effects of dimpling were basically to shift the transition between boundary and mixed film lubrication to a lower value of Sommerfeld number. The implications of this were that the friction coefficient could be reduced at either lower speeds, higher loads, or lower viscosity lubricants, by using dimples 3.5.2 Textured surfaces containing solid lubricants. Most of the work on dimpling and other textures has been aimed at liquid lubricated surfaces; however, a few experiments were conducted at ORNL in which a powdered lubricant was burnished onto a LST ceramic to see whether filling the shallow depressions would reduce friction. Figure 9 shows a surface of laser-dimpled TTZ in which graphite was burnished into the dimples before the specimen was rubbed against a steel counterface. Compared with non-dimpled surfaces, the solid lubricant delayed the onset of frictional transitions to higher levels. However, as is evident in Figure 9 , the benefits of graphite impregnation were limited in duration and eventually were overtaken by the production of tribo-oxidation products from the slider (rust colored debris). Figure 7 . Effects of oscillating frequency and normal force on a mineral oil-lubricated ceramic sliding couple. ND = no dimples, D = laser dimpled. [37] Figure 8. Dimples in zirconia after wear testing in mineral oil. Counterface wear debris, raised higher than the original surface, adheres to regions between and around the dimples. Figure 9 . Experiments in which the laser dimples in ceramics were filled with graphite lubricant. Eventually, oxide wear debris from the steel slider masked the effects of the graphite-filled dimples.
3.6 Modeling efforts. Much of the early work on surface texturing consisted of experimental or empirical studies, but with the advent of more advanced computers models have been developed to explore the effects of various textures on lubrication [10, 40] .
In prior work, Wang et al. [2] had investigated how the shapes and aspect ratios of elliptical cavities would affect the film thickness and regime of lubricating over a range of dimple geometries, loads, and speeds.
3.7 Surface engineering with a textural component. Surface engineering, in the context of tribology, includes any and all finishing processes, treatments, or coatings that can be applied to bearing surfaces to improve their functional performance. Therefore, texturing can be combined with other processes like surface treatment and coatings, offering a host of additional options to improve friction and wear behavior, especially in bearings whose designs are amenable to texturing.
Conclusions
Decades of work on the texturing of bearing surfaces has taken many forms. Depending on the configuration of the features, the materials involved, the alignment of the sliding surfaces, the type of relative motion, the speed of relative motion, the lubricant properties, and the design of the component, the effects of texturing have ranged from beneficial to undetectable to negative. Over a wide range of applications, the proper alignment of the mating surfaces is a key to realizing the beneficial effect of textures. That is why texturing effects are more easily realized in flat-on-flat face seals than for non-conformal contact geometries like piston rings on liners or shafts turning within sleeve bearings. The same alignment consideration holds true for experimental work. Situations where the sliding speed or load changes periodically can disrupt lubricant films and conceal the potentially beneficial effects of texturing.
Recent research is showing that control of the shapes (or various combinations of shapes) and the orientation of features in regard to the direction of relative motion can affect the degree to which texturing will reduce friction. Therefore, the proper selection of texture shapes, sizes, spacings, and orientation is essential to using textures to enhance the performance of lubricated contacts. Some methods used to produce textures can create residual artifacts that need to be removed. That adds another cost element to the economics of surface engineering using texture patterns. Experimental work on texture evaluation must be properly simulated to enable valid screening of candidate textures for specific applications.
(Note: Appendix 1 presents a compilation of prior work on surface texturing, sorted by topic area. Some articles are aimed at specific components while others are of a more generic or fundamental research nature. There is some overlap with the References below.) 
Appendix 1 Basic and Applied Research on Texturing for Improved Friction and Wear
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